Tyrosine hydroxylase (TH) is expressed specifically in catecholaminergic cells. We have identified a novel regulatory sequence in the upstream region of the bovine TH gene promoter formed by a dyad symmetry element (DSE1;-352/-307 bp). DSE1 supports TH promoter activity in TH-expressing bovine adrenal medulla chromaffin (BAMC) cells and inhibits promoter activity in non-expressing TE671 cells. DNase I footprinting of relaxed TH promoter DNA showed weak binding of nuclear BAMC cell proteins to a short sequence in the right DSE1 arm. In BAMC cells, deletion of the right arm markedly reduced the expression of luciferase from the TH promoter. However, deletion of the left DSE1 arm or its reversed orientation (RevL) also inactivated the TH promoter. In supercoiled TH promoter, DSE1 assumes a cruciform-like conformation i.e., it binds cruciform-specific 2D3 antibody, and S1 nuclease-cleavage and OsO 4 -modification assays have identified an imperfect cruciform extruded by the DSE1. DNase I footprinting of supercoiled plasmid showed that cruciformed DSE1 is targeted by nuclear proteins more efficiently than the linear duplex isomer and that the protected site encompasses the left arm and center of DSE1. Our results suggest that the disruption of intrastrand base-pairing preventing cruciform formation and protein binding to DSE1 is responsible for its inactivation in DSE1 mutants. DSE1 cruciform may act as a target site for activator (BAMC cells) and repressor (TE671) proteins. Its extrusion emerges as a novel mechanism that controls cellspecific promoter activity.
INTRODUCTION
Cell-specific gene expression and regulation could be accounted for not just by the presence or absence of trans-acting factors or cis elements. DNA structure inside the cell is heterogenous and oscillates between different conformational states (1) (2) (3) . In addition to a right-handed double-stranded B-DNA, topologically constrained DNA of chromosomal loops, circular plasmids or viruses, assumes a sequence-dependent non-B-DNA conformation controlled by environmental conditions (1, (3) (4) (5) . Transition from B-DNA to non-B-DNA requires additional energy derived from negative DNA supercoiling (6) (7) (8) (9) (10) . Once extruded, however, the non-B-DNA structures may be energetically preferable stabilized by stored free energy (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Transient transitions from B-to non-B-DNA correlate with DNA replication, (14, 15) and the transcriptional activity of some genes correlates with the extrusion of non-B-DNA structures in their promoters (4, 9, (16) (17) (18) (19) (20) . One such gene encodes tyrosine hydroxylase (TH), the first and rate-limiting enzyme in the biosynthesis of catecholamines. This gene is expressed specifically in catecholamine-producing cells, and its transcription is regulated by hormonal and trans-synaptic stimuli (21,22, reviews) . In bovine TH gene, sequences from -425 to +25 bp (relative to the transcription start site) are sufficient to support high level expression of reporter genes in transfected catecholaminergic adrenal medullary cells and to confer stimulation by angiotensin II, acetylcholine or VIP receptors similar to those of the endogenous TH gene (22) (23) (24) (25) .
The cell specific expression of the TH gene and its stimulation by trans-synaptic and hormonal signals is determined partially by classical CRE-and TRE-like elements located in the proximal TH promoter region (23, 24, (26) (27) (28) (29) (30) . Other, yet to be identified elements, that dictate cell specific TH gene expression may be located at longer distance from the transcriptional start site (31, 32) . Recent studies have revealed novel, TH gene-specific sequences that control basal promoter activity and its activation (24, 33) . In bovine TH promoter, one such sequence is a dyad symmetry element-3 (DSE3) located at -217/-187 bp from the transcription start site and overlapping with the AP-1 binding TRE site (-221/-215 bp) (24) . DSE3 extrudes a cruciform-like structure that acts as a repressor of the TRE site (24) .
In the present study we identified another dyad symmetry element (DSE1) that controls TH promoter activity in a cell-specific manner. DSE1 is located further upstream (-352/-307 bp) from the transcription start site, and its function correlates with the ability to extrude cruciform. The formation of novel protein-binding sites by the imperfect cruciform may account for the activator and repressor functions of DSE1.
MATERIALS AND METHODS

Plasmids and cell cultures
pGLTH plasmid contains -425/+25 bp 5′-flanking region of the bovine TH gene (34) cloned as described previously (24) into the pGL2 Basic promoterless plasmid (Promega) in front of the luciferase reporter gene. pGLTH derivatives with truncated or mutated DSE1 (Fig. 1A) were obtained using routine cloning procedures. In order to construct the ∆DSE1 promoter mutant the pGLTH plasmid was digested with Acc65I and HindIII and the resulting 495 bp fragment containing -425/+25 bp of TH promoter was digested with HphI which cuts TH promoter at -301 bp. The 3′-protruding ends were blunted with T4 polymerase and DNA was digested with MscI (at -365 bp), AatII (at -39 bp) and MluI (between the Acc65I site in polylinker and the 5′-end of the TH promoter). The MluI/MscI and HphI/AatII (262 bp) fragments were ligated to the 5.6 kb pGLTH fragment remaining after the removal of AatII and MluII. To construct the ∆L mutant, we isolated 495 bp Acc65I/HindIII fragment of pGLTH containing the TH promoter (-425/+25 bp) and divided it into portions. One portion was further digested with MscI and an 81 bp Acc65I/MscI fragment containing -425/-365 bp of the TH promoter was isolated. The second portion was digested with BstNI (at -330 bp), and its 5′-protruding ends were filled with Klenow enzyme. The DNA was further digested with AatII and the 291 bp BstNI/AatII fragment was ligated along with the 96 bp Acc65I/ MscI fragment to the large 5.6 kb Acc65I/AatII fragment of pGLTH. The ∆R mutant was constructed in a similar way as the ∆L, except that the large Acc65I/AatII fragment of pGLTH was ligated to Acc65I/BstNI and HphI/AatII fragments from the TH promoter. The construction of the reversed orientation (RevL) mutant involved an isolation of 35 bp MscI/BstNI fragment of TH promoter and treatment with Klenow to blunt the BstNI 5′-protruding end. This fragment was combined in the ligation mixture with a 290 bp BstNI/AatII fragment of the TH promoter in which the BstNI ends were blunted prior to AatII digestion and larger 5.7 kb MscI/AatII fragment was derived from pGLTH. The recombinants in which the orientation of -365/-330 bp TH promoter sequence was reversed, were identified by DNA sequencing. All DNA constructs were sequenced with a Sequenase 2.0 kit (US Biochem Corp., Cleveland, OH) to confirm their identities. In all experiments plasmid preparations were used in which >90% of DNA was in supercoiled form as determined by agarose gel electrophoresis and confirmed by atomic force microscopy as described in (35) Culture conditions for TH expressing bovine adrenal medullary chromaffin (BAMC) cells and human IMR322 neuroblastoma cells have been described previously (24, 36) . The TE 671 cell line, originally designated as medulloblastoma (37) was cultured as described in (38) . pGL2 Basic , pGLTH or its promoter mutants were transfected into cells by calcium phosphate-DNA co-precipitation, and the luciferase activity was determined 24 h later as previously described (24) . To estimate TH promoter function accurately, differences in efficiency of transfection among individual wells and plasmids were normalized by measuring the content of transfected DNA (dot blot hybridization) in lysates used for luciferase assay (24, 36) . Luciferase activity was expressed as the number of photons (c.p.m.) per microgram of protein × picograms DNA. At least two different preparations of each plasmid were tested in all experiments. S1 nuclease-and OSO 4 -mapping of unpaired bases S1 nuclease-sensitive sites were mapped as previously described (24) . Briefly, 1 µg of supercoiled plasmid DNA was incubated in 50 µl of S1 buffer (40 mM sodium acetate, pH 4.5, 100 mM NaC1 and 1 mM ZnSO 4 ) with 0.05-1.0 U of S1 nuclease for 5 min at room temperature. S1 nuclease-nicked plasmid DNA was digested with Acc65I, which linearized plasmid directly upstream from the TH promoter, and end-labeled with [γ-32 P]ATP and T4 polynucleotide kinase (for mapping top stand) or [α-32 P]dGTP and Klenow polymerase (bottom strand). The end-labeled DNA was digested with ApaI, and -425/-269 bp TH promoter fragment containing wild-type or mutated DSE (-356/-303 bp) was gel-purified. Single-stranded fragments generated by S1 nuclease were resolved on 6% denaturing polyacrylamide gels.
OsO 4 -modifications were performed according to (39, 40, 41) . One microgram of supercoiled DNA was incubated for 20 min at room temperature in 50 mM Tris-HCl buffer, pH 7.5, containing 100 mM NaCl, 2% pyridine and OsO 4 (1, 5 or 10 mM). DNA was ethanol-precipitated, digested with Acc65I and labeled with T4 polynucleotide kinase (top strand) or Klenow enzyme (bottom strand). The label was removed from one end by digesting DNA with ApaI. DSE1-containing fragments were treated with 1 M piperidine at 90_C for 30 min and analyzed on a sequencing gel.
Analysis of cruciform extrusion in supercoiled plasmids with cruciform-specific 2D3 antibody and electrophoretic mobility shift assay (EMSA) (24)
One hundred nanograms of a supercoiled plasmid DNA was incubated for 1 h at 4_C with or without 2D3 (42,43) in 10 mM HEPES, pH 7.8, 100 mM KC1, 1 mM EDTA and 5 mM MgC1 2 . After addition of 2 µl of 10× restriction buffer, plasmid was digested for 10 min at room temperature with 5 U of each Acc65I and ApaI. Subsequently, 1 U of Klenow fragment and 10 µCi of [α-32 P]GTP were added to the reaction mixture, and incubation continued for 10 min. 32 P-labeled fragment I (162 bp containing -425/-269 bp region of TH promoter and 5 bp from pGL2 Basic polylinker) and fragment II (5809 bp of pGLTH with the remaining -268/+25 bp fragment of TH promoter) were resolved on 4% non-denaturing polyacrylamide gels for a 10 V/cm. Gels were dried and exposed overnight. Retardation of TH promoter fragments was not observed with control monoclonal antibodies (24) .
In vitro DNase I footprinting of TH promoter DNA in supercoiled and linearized plasmids
Nuclear extracts were prepared from BAMC or TE 671 cells according to (44) as previously described (22) , and the footprinting was performed according to (17, 43, 45, 46) . Linearized or supercoiled pGLTH plasmid (200 ng) containing the wild-type or RevL mutant TH promoter sequence was incubated with 5-60 µg of nuclear BAMC cell or TE 671 cell proteins in 50 µl reactions containing binding buffer (125 mM HEPES, pH 7.8, 250 mM KCl, 0.25 mM EDTA, 2.5 mM DTT, 25% glycerol), 5 µg BSA, 5 µg of sonicated salmon sperm DNA and 50 mM PMSF. After 20 min of 
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binding at room temperature, DNase I was added (10 ng/µl) and samples were incubated for an additional 2 min. DNA digestion was stopped by adding 1 vol of DNase I stop buffer (10 mM HEPES, pH 7.6, 20 mM EDTA, 1% SDS, 5 µg/ml yeast tRNA).
The DNA was immediately extracted with phenol:chloroform: isoamyl alcohol (24:24:1). After extraction, the DNA was precipitated with 0.1 vol of 3 M sodium acetate, pH 5.2 and 2.5 vol of ethanol, washed with 75% ethanol and resuspended in 49.5 µl of PCR mixture containing 5 µl of 10× PCR reaction buffer (Boehringer Mannheim), 4 µl of 10 mM dNTP, and 32 P-labeled primer (5′-GCTCCAGCAGGCGTGTTCTGCAG-3′) complementary to -250/-228 nt on the coding strand of the TH gene. The primer was labeled with [ 32 P]ATP (6000 Ci/mmol) using T4 polynucleotide kinase, and 2-6 × 10 6 primer c.p.m. were used per PCR reaction. After a hot start (95_C, 5 min), 2.5 U of Taq DNA Polymerase (Boehringer Mannheim) were added followed by 40 PCR cycles (95_C for 30 s, 55_C for 30 s and 72_C for 1 min). After the final extension (72_C, 10 min), the samples were treated with 50 µl of DNase I stop buffer, extracted with phenol:chloroform, and precipitated by ethanol as described above. After precipitation, the samples were resuspended with 5 µl sequencing-loading buffer, denatured for 5 min at 100_C and electrophoresed on 6% sequencing gels. Sequencing markers have been synthesized from pHISi plasmid template (CH laboratories, Palo Alto, CA) using commercial sequencing primer and were resolved on the same gel. Gels were dried and exposed to Kodak XAR-2 film. Equivalent regions of different lanes were selected and scanned using the Beckman spectrophotometer DU-70. Intensities of protected regions in each lane were normalized to non-binding sequence (within 304/-299 nt) to correct for uneven loading.
RESULTS
DSE1 acts as a positive regulatory element in TH promoter in BAMC cells
Deletion analysis of the bovine TH gene promoter (-425/+25 bp relative to the transcription start site) revealed that the region from -425 to -300 bp is essential for the maximal expression of the reporter gene in transfected BAMC cells (24) and in human catecholaminergic cell line IMR322 (E.Kim and M.K.Stachowiak, unpublished observations). The search for the potential regulatory sequence revealed a 46 bp element (-352/-307 bp) with palindromic symmetry, which we designated as DSE1 (Fig. 1A) . The deletion of -365/-301 bp, which includes DSE1 (∆DSE1 promoter mutant), markedly reduced expression of luciferase in BAMC cells relative to pGLTH plasmid that contains -425/+25 bp TH promoter fragment (Fig. 1B) .
To further determine the mechanism of DSE1 action, we constructed deletion mutants in which regions containing the right arm (∆R) or the left arm (∆L) of DSE1 were deleted. In the RevL mutant the orientation of the left DSE1 arm was reversed (Fig. 1A) . The pGLTH containing the -425/+25 bp of the bovine TH gene or its mutants was transfected into BAMC cells. Deletion of the right DSE1 arm markedly reduced specific luciferase activity (Fig. 1B) . A similar reduction was observed when the left arm and sequences directly upstream were deleted (mutant ∆L). Both arms are therefore required for the trans-activating function. Even though the sequences of both DSE1 arms were preserved, the RevL mutation also reduced TH promoter activity. Thus, symmetry is essential for DSE1 to support promoter function. As in BAMC cells, ∆R or ∆L mutations reduced promoter activity in 
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transfected human IMR322 cells by 92 (n = 6) and 62% (n = 19), respectively, relative to pGLTH (not shown).
DSE1 extrudes cruciform structure in supercoiled TH promoter
A characteristic feature of sequences possessing dyad symmetry is their ability to adopt cruciform-like structures in supercoiled DNA (10, 47) . A hallmark of non-B-DNA structures is the presence of unpaired bases that can be detected by single-strand specific S1 nuclease (48) . To determine whether structural transitions may occur within DSE1, we subjected supercoiled pGLTH to S1 nuclease analysis. The reaction products were end-labeled with 32 P and resolved on sequencing gels. We detected several S1-sensitive bases within DSE1 (Fig. 2A) . These bases were not detected when pGLTH was linearized before digestion with S1 nuclease, indicating that the S1 nuclease-sensitivity requires DNA supercoiling ( Fig. 2A) . Furthermore, in supercoiled RevL Figure 3 . Binding of cruciform-specific antibody 2D3 to DSE1 in a supercoiled pGLTH. Arrow indicates a retarded complex of 2D3 and a -425/-269 bp TH promoter fragment (FP 1) from pGLTH. The -425/-269 bp fragment with deleted DSE1 (FP2) from ∆DSE1 pGLTH mutant was not retarded by 2D3. The slight difference in the intensity of the FP2 band may reflect small differences in efficiency of plasmid digestion and radioactive end-labeling in the presence of 2D3. In both reactions the larger fragment containing pGLTH, which extrudes additional cruciform(s) (24) , was retarded by 2D3, providing an internal control for 2D3 binding.
pGLTH in which the mutation of DSE1 prevented intrastrand base-pairing, we detected no S1-sensitive sites in DSE1 (Fig. 2B) .
In the cruciform that could be formed by the wild-type DSE1 some bases are mismatched and remain unpaired (Fig. 2D) . The positions of the most prominent S1-sensitive sites match the locations of the mismatched bases dictated by the predicted structure (compare Fig. 2A and D) . The imperfect cruciform structure derived from the S1 analysis contains five unpaired thymidine residues (four on the top and one on the bottom strand). Therefore, to confirm this structure we treated supercoiled pGLTH with osmium tetroxide, which forms stable adducts with unpaired pyrimidines, especially with thymidine (39) . The cleavage of the OsO 4 -modified DNA with piperidine confirmed that all five thymidine residues in DSE1 were OsO 4 -reactive and hence unpaired (Fig. 2C) . Additional evidence for the cruciform extrusion was provided by the interaction of DSE1 with the cruciform-specific monoclonal antibody 2D3, isolated and characterized in (42, 43) . In a modified EMSA (24,43), we incubated supercoiled pGLTH with 2D3 and digested it with Acc65I and ApaI. 2D3 reduced the electrophoretic mobility of the -425/-260 bp TH promoter fragment containing DSE1 retaining almost all of the DNA in a shifted band (Fig. 3, compare lanes 1 and  2 with lane 3) . This indicates that DSE1 exists in a cruciform conformation in the majority of plasmid molecules. 2D3 also shifted the larger fragment of the pGLTH, which contains additional cruciforms (24) . In pGLTH with a deleted DSE1, the smaller retarded complex did not form, indicating that it is generated by 2D3 binding to the DSE1 cruciform. In contrast, the larger pGLTH fragment remained supershifted, providing an internal control for 2D3 binding (Fig. 3) . Thus, the results of S1-nuclease, OsO 4 and 2D3-EMSA assays showed that DSE1 adopts an imperfect cruciform conformation under torsional stress and exists as a cruciform in supercoiled DNA.
Binding of nuclear proteins to DSE1 is affected by its structural transformation
Our results suggest that the disruption of intrastrand base-pairing preventing cruciform formation is responsible for DSE1 inactivation in DSE1 mutants. One mechanism by which structural transitions could affect promoter activity is by altering the interaction of transcriptional factors with the DNA. To determine whether DSE1 binds nuclear proteins and whether cruciform extrusion may affect protein binding, we performed DNase I footprinting on linearized pGLTH in which DSE1 is in linear duplex form (Fig. 4, left) and in supercoiled pGLTH in which DSE1 extrudes the cruciform (Fig. 4, middle) . When linearized pGLTH plasmid was incubated with nuclear extracts from BAMC cells and digested with DNase I, the subsequent primer extension reaction revealed a short protected region at approximately -325 to -310 bp (Fig. 4, compare lanes 1 and 3, and 2 and 4) . This finding indicated a direct protein binding to the right arm of DSE1 and was consistent with promoter inactivation by the ∆R mutation. However, the region encompassing the left DSE1 arm and sequences directly upstream showed no protein binding (Fig. 4 , left) even though its deletion reduced promoter activity (Fig. 1B) . Incubation with nuclear proteins induced DNase I hypersensitivity at -330 nt in the middle of DSE1 and at 307-309 nt in the right arm. DNase I hypersensitive bases were also detected in the 5′-end of the left DSE1 arm (Fig. 4, left) .
The same BAMC cell extracts protected DSE1 with extruded cruciform in supercoiled pGLTH more efficiently than its linear-duplex isomer in relaxed plasmid (Fig. 4 compare lanes 1-4  and lanes 5-8) . Also, the protected region changed from the short sequence in the right arm in linear-duplex DSE1 to include the entire left arm and the center of DSE1, and it extended to the right DSE1 arm in supercoiled DNA. This pattern of binding was consistent with the results of transfection experiments (Fig. 1B) , which showed that both DSE1 arms support promoter activity.
RevL mutation abolished protein binding to both DSE1 in linear and in supercoiled plasmids demonstrating that proteins bind in a sequence-specific maner (Fig. 4, lanes 9-12) . Numbers represent mean " SEM luciferase activities of six transfected dishes from a representative experiment. Activities of TH promoter mutants were also normalized to the activity of pGLTH (100%). The RevL promoter mutant has a reversed left DSE1 arm (Fig. 1A) ; ∆CRE indicates the mutation of the CRE element in TH promoter (24) . The effect of the ∆CRE mutation is shown for comparison.
DSE1 controls TH promoter activity in a cell-specific manner
Unlike catecholaminergic BAMC cells, TE 671 cells do not express detectable 2 kb TH mRNA levels (H.Peng and M.K.Stachowiak, unpublished observations). In TE 671 cells, the specific luciferase activity expressed from transfected pGLTH (431 c.p.m./µg protein × picograms DNA; Table 1 ) was 3-fold lower than in In relaxed DNA the ratios of signal intensity (nuclear extracts '+'/nuclear extracts '-') in region -342/-335 nt was 1.0 and in region -327/-321 nt was 0.05. In supercoiled pGLTH these ratios were 0.2 and 0.9, respectively.
BAMC cells (1291 c.p.m./µg protein × picograms DNA; Fig. 1B) . Also, unlike in BAMC cells, in which the RevL mutation inactivated the TH promoter, the RevL mutation increased TH promoter activity in TE 671 cells. In contrast, mutation of a CRE-like sequence that reduced promoter activity in BAMC cells by 60% (24) had a similar reducing effect on TH promoter activity in the TE 671 cells (Table 1) . Thus, DSE1 acts as a transcriptional activator in BAMC and IMR322 cells and as a repressor in TE 671 cells. Nuclear extracts from TE 671 cells weakly protected a short sequence (from -328 to -335 bp) in the left DSE1 arm of linear pGLTH and induced DNase I hypersensitivity in the center of DSE1 at -330 nt and in the left and right arms of DSE1 (Fig. 5,  compare lanes 1 and 2) . Protein binding to DSE1 in supercoiled DNA (Fig. 5, lane 4) was more efficient and extended further than in linear DSE1, encompassing the entire left arm, bases upstream from DSE1 and the middle of DSE1. Although the RevL mutation did not alter the protein-binding sequence or its flanking nucleotides, it prevented protein binding to DSE1 and DNase I hypersensitivity (Fig. 5, lanes 5 and 6) .
DISCUSSION
We have previously identified an upstream -425/-300 bp region in the bovine TH gene promoter that supports basal promoter activity in BAMC cells (24) . In the present report we showed that a 46 bp DSE1 located at -353/-307 bp of the bovine TH promoter is essential for this function. It acts as transcriptional activator in TH-expressing BAMC and IMR322 cells and as a repressor in non-expressing TE671. The presence and location of the reverse palindrome are conserved in human and rat TH promoters (E.L.Kim, S.Maltchenko, M.K.Stachowiak, unpublished observations), further indicating the importance of DSE1 in the regulation of TH-promoter activity. Also, the deletion of DSE1 had the same reducing effect on bovine TH promoter activity in human IMR322 cells as in BAMC cells, indicating its consistent function in different species.
Deletion of the left or right DSE1 arm, and the RevL mutation reduced promoter activity in a similar manner demonstrating that both arms and dyad symmetry are essential for DSE1 function. DNA palindromes are often targeted by dimeric trans-acting factors (49) . However, DNase I footprinting in relaxed plasmids showed that nuclear proteins bind only to one arm of the palindrome and could not explain why deletion or mutation of the opposite arm affected protein binding and promoter activity. Protein binding to linearized DNA may not reflect protein-DNA interactions that occur in vivo in supercoiled DNA of circular plasmids, viruses or topologically constrained chromosomal loops. Indeed, we found that nuclear proteins bound to DSE1 more efficiently in supercoiled TH promoter and that the protection included the arm that did not bind protein in relaxed DNA.
How may DNA supercoiling affect protein binding by DSE1? Dyad symmetry sequences endow DNA with the capacity to generate cruciforms through intrastrand base-pairing (47) . Whether a cruciform is extruded depends on the length of the palindrome, the number of unpaired bases in the stem-loop structures and the degree of negative supercoiling (10) . Cruciform structures arising from palindromes occur at physiological superhelical densities (50) . S1 nuclease and OsO 4 -analyses indicate extrusion of an imperfect cruciform by DSE1 in supercoiled but not in relaxed TH promoter DNA, confirmed by the binding of the cruciform-specific 2D3 antibody. Thus, the degree of native DNA supercoiling generated in the TH gene promoter in vivo in bacterial cells is sufficient to enforce extrusion of cruciform by DSE1. Near complete shift of DSE1 DNA by the 2D3 antibody observed in modified gel shift assay (Fig. 3) indicated that in most of plasmid molecules, DSE1 exists in a cruciform conformation. In general, the ability of inverted repeats to extrude cruciforms increases with their length. Consistent with that relationship, we found that the shorter inverted repeat, DSE3 (-217/-187 bp), was only partially reactive with 2D3 in supercoiled pGLTH (24) . This suggests that DSE1 extrudes cruciform more efficiently than DSE3 in supercoiled DNA (24) . Since the movement of RNA polymerase II along the DNA template adds negative supercoils in the 5′ direction from the enzyme (46) , the extrusion of cruciform by DSE1 in eukaryotic cells is even more likely.
One mechanism through which conformational transitions in DNA may affect promoter activity is by changing its interaction with trans-acting factors. In the bovine TH gene promoter, a palindromic sequence at -217/-187 bp (DSE3) extrudes a cruciform that overlaps with the AP1-binding site and acts as the AP1 repressor (24) . A different mechanism may operate in DSE1. In its cruciform state, DSE1 was targeted by nuclear proteins more efficiently than the linear-duplex isomer. Also, in DSE1 cruciform, nuclear proteins protected longer sequences than in the linear duplex isomer. Formation of a new target site for nuclear proteins by DSE1 cruciform may explain why the deletion of the non-binding arm inactivates DSE1, and why the RevL mutation disrupts protein binding and promoter activity (i.e., the disruption of intrastrand base-pairing and cruciform formation may be responsible for the inactivation of DSE1).
An induction of DNase I hypersensitivity in DSE1 in relaxed DNA by nuclear proteins suggested that promoter-binding proteins also may alter the DNA conformation. The hypersensitive sites were absent in the RevL template indicating that the protein-induced structural changes may involve intrastrand base-pairing.
DNA cruciforms interact with specific cruciform-binding proteins (9, 52, 53) . These proteins differ from the single-stranded DNA-binding proteins required for DNA replication, repair and recombination (54) . Single-stranded DNA-binding proteins are present in high concentration in vivo and bind non-specifically to single-stranded DNA. Upon binding they destabilize secondary structure present on single-stranded DNA (47) . However, the DNase I-hypersensitive sites observed in DSE1 in supercoiled plasmid in the absence of nuclear proteins persisted when nuclear BAMC cell or TE 671 extracts were added. This finding suggests that the binding of proteins to DSE1 does not erase the pre-existing cruciform structure. Furthermore, nuclear proteins protected extended regions of DSE1 cruciform besides the unpaired bases in the hairpin loop. Also, proteins from BAMC and TE 671 cells showed a distinct pattern of binding to DSE1, and our results indicate that they have specific trans-activator and repressor functions, respectively. The marked increase in protein binding after the transformation of linear DSE1 into cruciform may provide an effective switch that converts an inactive DSE1 into a protein-binding element that controls cell-specific expression of the TH gene.
In the pro-enkephalin gene, a new CRE site is created within the cruciform extruded in the promoter (17, 18, 55) . Because of the presence of unpaired bases, this new site binds CREB with a higher affinity than the CRE in linear duplex DNA. A similar mechanism may operate in the TH promoter DSE1, which also extrudes an imperfect cruciform with stem bulges created by unpaired bases. Alternatively, the DSE1 cruciform could bind nuclear proteins that specifically recognize the cruciform structure.
In recent years, a few proteins that bind specifically to non-B-DNA have been identified (2, 41, (56) (57) (58) (59) . Factors that target the DSE1 cruciform could belong to this new class of nuclear proteins. Their identification will foster our understanding of the function of the DNA structure in the regulation of gene expression and the mechanisms that determine TH promoter regulation specific for this gene.
